This study examined the effect of the N-phenylpropyl-N′-substituted piperazine ligands SA4503 (3.4-dimethoxyphenethyl), , and Nahas-3h (4-methoxybenzyl) on methamphetamine-induced hyperactivity in mice. In a previous study in rats, SA4503 increased methamphetamine-induced hyperactivity at a lower ligand dose and enhanced it at a higher dose. The other ligands have not been investigated in this assay. Presently, mice were administered sigma ligands, and specific [
Introduction
The behavioral effects of psychostimulants, such as cocaine and methamphetamine, are related to their actions at the dopamine transporter (DAT) that increase catecholamine levels in the central nervous system (Schmitt and Reith, 2010; Uhl et al., 2002) . However, the impact of this enhanced dopamine neurotransmission is also regulated by σ1 sigma receptors that are complexed with ion channels and modulate dopamine receptor intracellular signaling (Hayashi et al., 2010; Hayashi and Su, 2007; Patel et al., 2009) . Sigma receptor ligands, such as N-phenylpropyl-N′-substituted piperazines (Fig. 1) , have been shown to alter the behavioral effects of cocaine and methamphetamine in rodents. SA4503 is a substituted piperazine that has a methoxy group in both the 3-and 4-positions of the phenethyl moiety. For YZ-185 a single methoxy group is in the 3-position, while for YZ-067 the methoxy group is in the 4-position. A single methoxy group is in the 4-position on the benzyl group for Nahas-3h. Each substituted piperazine binds with 7-to 44-fold greater selectivity for the σ1 over σ2 sigma receptor subtype (Table 1) , as assessed via in vitro binding in rodent brain preparations (Lever et al., 2006; Matsumoto et al., 2004; Nahas et al., 2008) .
Acute cocaine or methamphetamine injection produces a transient increase in locomotor activity in mice and N-phenylpropyl-N′-substituted piperazine ligands alter this stimulant-induced hyperactivity (Rodvelt et al., 2011; Sage et al., 2013) . SA4503 (2.7 and 27 μmol/kg), YZ-067 (10 and 31.6 μmol/kg) and Nahas-3h (0.316-10 μmol/kg) all attenuated cocaine-induced hyperactivity at ligand doses that had minimal impact on basal locomotor activity. Interestingly, a high YZ-185 dose (31.6 μmol/kg) inhibited cocaine-induced hyperactivity, while a lower YZ-185 dose (0.1 μmol/kg) enhanced cocaine-induced hyperactivity. A similar pattern on methamphetamine-induced hyperactivity in rats was observed with SA4503 (Rodvelt et al., 2011) . At a low dose (2.7 μmol/kg) SA4503 enhanced the hyperactivity observed for the first 30 min after methamphetamine (0.5 mg/kg) injection. However, at higher doses (27 and 81 μmol/kg) SA4503 inhibited methamphetamine-induced hyperactivity for as long as 80 min. These findings indicate that YZ-185 and SA4503 have a mixed agonist-antagonist behavioral profile on the locomotor-activating properties of cocaine and methamphetamine, respectively. The methoxy group at the 3-position may be critical to this biphasic interaction for the enhancement observed with YZ-185 and SA4503, but not YZ-067 and Nahas-3h. However, the effect of YZ-185, YZ-067 and Nahas-3h on methamphetamineinduced hyperactivity has not been reported. SA4503, the best known ligand from this class, is considered to be a σ1 sigma receptor agonist based upon a variety of studies, including its ability to cause dissociation of immunoglobulin binding protein from the σ1 sigma receptor (Fujimoto et al., 2012) . Despite the structural similarities to SA4503, the YZ compounds are generally regarded as σ1 sigma receptor antagonists based primarily upon their ability to block cocaine-induced convulsions in mice (Matsumoto et al., 2004) . Thus, the overall goal of this study was to continue exploration of the mixed behavioral properties we observed previously for these ligands by determining the effect of piperazine ligand structure on σ1 sigma receptor occupancy and on the stimulatory properties of methamphetamine. Occupancy was assessed in vivo by administering mice SA4503, YZ-185, YZ-067 or Nahas-3h followed by [ 125 I]E-IA-DM-PE-PIPZE, a novel radioligand with high affinity and selectivity for σ1 sigma receptors in rodent brain (Lever et al., 2016) . Potential DAT occupancy by the piperazine ligands was also assessed by known procedures using the radioligand [ 125 I]RTI-121 (Lever et al., 1996) . In the behavioral experiments, mice were administered SA4503, YZ-185, YZ-067 or Nahas-3h prior to injection of methamphetamine at a stimulant dose that produces a transient increase in locomotor activity using procedures similar to those described for determining the interaction of these ligands with cocaine (Sage et al., 2013) .
Material and methods

Drugs and chemicals
SA4503 dihydrochloride salt (368.5 g/mol; N-phenylpropyl-N′-(3.4-dimethoxyphenethyl)piperazine); YZ-185 dihydrochloride salt, quarter hydrate (415.9 g/mol; N-phenylpropyl-N′-(3-methoxyphenethyl)piperazine); YZ-067 dihydrochloride salt, quarter hydrate (415.9 g/mol; N-phenylpropyl-N′-(4-methoxyphenethyl)piperazine); and Nahas-3h dihydrochloride salt (397.4 g/mol; N-phenylpropyl-N′-(4-methoxybenzyl)piperazine); were synthesized as described previously (Fujimura et al., 1997; Matsumoto et al., 2004; Nahas et al., 2008) and exhibited appropriate spectral data and combustion analyses. BD-1063 (1-[2-(3.4-dichlorophenyl) ethyl]-4-methylpiperazine) dihydrochloride), GBR-12909 dihydrochloride, and (+)-methamphetamine hydrochloride ((S)-N,α-dimethylbenzeneethanamine hydrochloride) were purchased from Sigma Chemical Co. (St. Louis, MO). E-N-1-(3′-iodoallyl)-N′-4-(3″,4″-dimethoxyphenethyl)-piperazine (E-IA-DM-PE-PIPZE) and [
125
I]E-IA-DM-PE-PIPZE (ca. 2000 Ci/mmol) were prepared as previously described (Lever et al., 2012) . [ 125 I]RTI-121 (3β-(4-iodophenyl)tropan-2β-carboxylic acid isopropyl ester) was prepared (ca. 2000 Ci/mmol) as previously described (Lever et al., 1996) . Other chemicals and solvents were the best available commercial grade and were used as received. All drug doses and concentrations refer to the free-base weight.
Animals
Male CD-1 mice (Charles River, approximately 42 days old at the time of testing) were housed 4 mice per cage with ad libitum access to standard rodent chow and water. The animal colony was maintained under a 12-h/12-h light/dark cycle and experiments were conducted during the light phase of the cycle. A total of 322 mice were used in these experiments and the procedures were approved by the Institutional Animal Care and Use Committees of the University of Missouri and the Harry S. Truman Memorial Veterans' Hospital. Experiments were carried out in accordance with the National Institutes of Health guide for the care and use of laboratory animals.
In vivo binding
Biodistribution studies of [ 125 I]E-IA-DM-PE-PIPZE binding to σ1 sigma receptors (Lever et al., 2012) and [ 125 I]RTI-121 binding to DAT (Desai et al., 2005; Lever et al., 1996) were conducted as described previously. Awake mice received injections (i.v.) of radioligands (2.5 μCi) prepared in saline (0.1 ml) containing ethanol (2%), and were euthanized by cervical dislocation. For σ1 receptor studies, radioligand binding was evaluated in whole brain, and data from a group treated with BD1063 (5 μmol/kg) in saline (0.1 ml, i.v.) was used to define nonspecific binding. For DAT studies, samples of striatum and cerebellum were analyzed, and cerebellar radioactivity was defined as nonspecific binding (Desai et al., 2005; Lever et al., 1996) . Wet weights of tissue samples (Reith et al., 1994) . In both studies, groups of mice were euthanized 30 min after radioligand administration. 
Locomotor activity
The procedures were similar to those used in our investigation of the effect of substituted piperazine ligands on cocaine-induced hyperactivity in mice (Sage et al., 2013) and our characterization of methamphetamine-induced changes in locomotor activity in mice (Sage and Miller, 2012) . Open-field activity monitors (Med Associates Inc., Georgia VT) consisted of transparent boxes (43.2 cm × 43.2 cm × 30.5 cm, Model# ENV-515) surrounded by 16-beam infrared source and detector strips (Model# ENV-258) in the x and y axes. Monitors were interfaced to a computer running Med Associates Activity Monitor software (ver. 4.31) and were housed in sound-attenuating cubicles.
On two consecutive days mice (n = 9-11 mice/group) were acclimated to the monitors for 30-60 min. On the third day, mice were placed into monitors for 45 min and received their first injection (i.p.) of SA4503 (1, 3.16 or 31.6 μmol/kg), YZ-185 (0.1, 3.16 or 31.6 μmol/kg), YZ-067 (3.16 or 31.6 μmol/kg), Nahas-3h (3.16 or 31.6 μmol/kg), or saline. Mice were returned to the monitor for 15 min and then were injected (i.p.) with 0.5 mg/kg methamphetamine (3.35 μmol/kg) or saline. After the second injection mice were returned to the monitor for 60 min. The 0.5 mg/kg methamphetamine dose was selected from our previous work (Sage and Miller, 2012) that systematically characterized the effect of a range (0.158-5 mg/kg) of methamphetamine doses on locomotor activity in mice in the apparatus. The 0.5 mg/kg methamphetamine dose produced a significant and prolonged increase (~3-fold for 60-90 min) in distance traveled, compared to mice administered saline.
The dependent measure was total distance traveled (in cm), as calculated by the activity monitor software. Data from the 60-min period after methamphetamine or saline injection were analyzed and separate statistical analyses were performed for each sigma ligand. In these analyses a 3-way repeated measures ANOVA (RM-ANOVA) was performed with Sigma Ligand Dose and Methamphetamine Dose as betweengroup factors and Time (twelve 5-min epochs) as a within-subjects factor. Where appropriate, (p b 0.05), simple main effect and Tukey posthoc analyses were performed to elucidate group differences.
Results
In vivo σ1 sigma receptor binding
As shown in were observed for the four ligands, the highest ED 50 was noted for SA4503, the ligand having the lowest in vitro affinity for the sites (Table 1) . Fig. 3 . The DAT ligand GBR-12909 served as a positive control, and significantly inhibited radioligand specific binding (ANOVA, Dunnett's; P b 0.05) with respect to the saline treated controls. By contrast, the σ1 sigma receptor ligands SA4503, YZ-067, YZ-185 and Nahas-3h, or their potential metabolites, did not significantly alter [ As expected, acute methamphetamine injection produced a significant increase in locomotor activity, relative to the activity observed in mice administered only saline (compare groups that received saline for the first injection and saline or methamphetamine for the second injection). Analysis of the time course revealed that methamphetaminetreated mice were more active than saline-treated mice at the 10-60 min time points.
In vivo DAT binding
SA4503 did not significantly change basal locomotor activity, as there were no significant differences among groups of mice administered SA4503 followed by saline and mice that received two saline injections.
SA4503 both enhanced and inhibited methamphetamine-induced hyperactivity. Analysis of the time course revealed that the 1 and 3.16 μmol/kg SA4503 doses (Panels B and C, respectively) enhanced methamphetamine-induced hyperactivity, as there was greater activity at the 5 min time point in the groups administered these SA4503 doses followed by methamphetamine than in the group administered saline followed by methamphetamine. Mice administered 31.6 μmol/kg SA4503 followed by methamphetamine were less active than mice administered saline followed by methamphetamine across the entire 60-min period after methamphetamine injection (Panel A). Analysis of the time course (Panel D) revealed that mice administered 31.6 μmol/kg SA4503 followed by methamphetamine were less active than mice administered saline followed by methamphetamine at the 10-60 min time points. YZ-185 did not significantly change basal locomotor activity, as there were no significant differences among groups of mice administered YZ-185 followed by saline and mice that received two saline injections.
Effect of YZ-185 on methamphetamine-induced hyperactivity
The 3.16 and 31.6 μmol/kg YZ-185 doses significantly attenuated methamphetamine-induced hyperactivity across the 60-min period after methamphetamine injection (Panel A). Groups of mice administered 3.16 or 31.6 μmol/kg YZ-185 followed by methamphetamine were less active than mice administered saline followed by methamphetamine. There was no significant difference between the mice administered saline followed by methamphetamine and those administered 0.1 μmol/kg YZ-185 and methamphetamine. The YZ-067 Dose × Methamphetamine Dose interaction was not significant (F(2.53) = 2.247, p = 0.116) and between-group post hoc comparisons were not made for the total distance traveled after methamphetamine or saline injection.
Analysis of the time course reveled that there were no significant differences between mice administered 3.16 μmol/kg YZ-067 followed by saline and mice administered two saline injections at any time point (Panel B). However, mice administered 31.6 μmol/kg YZ-067 followed by saline were less active than mice administered two saline injections at the 5 and 10 min time points (Panel C), indicating that the high YZ-067 dose decreased basal locomotor activity.
The 3.16 μmol/kg YZ-067 dose both enhanced and inhibited methamphetamine-induced hyperactivity. Mice administered 3.16 μmol/kg YZ-067 followed by methamphetamine were more active than mice administered saline followed by methamphetamine at the 5 min time period and were less active than that comparison group at the 25-40 min time points (Panel B). The 31.6 μmol/kg YZ-067 dose only inhibited methamphetamine-induced hyperactivity. Mice administered 31.6 μmol/kg YZ-067 and methamphetamine were less active than mice administered saline and methamphetamine at the 20-60 min time points (Panel C).
3.6. Effect of Nahas-3h on methamphetamine-induced hyperactivity Fig. 7 presents activity data for mice administered Nahas-3h. Panel A depicts activity summed for the 60-min period after methamphetamine or saline injection and Panels B and C depict the time course in 5-min intervals. Statistical analyses revealed significant Nahas-3h Dose × Nahas-3h did not significantly change basal locomotor activity, as there were no significant differences among groups of mice administered Nahas-3h followed by saline and mice that received two saline injections.
Nahas-3h both enhanced and inhibited methamphetamine-induced hyperactivity. There was greater activity at the 5-15 min time points for the group administered 3.16 μmol/kg Nahas-3h followed by methamphetamine than for the group that was administered saline followed by methamphetamine (Panel B). Analysis of total distance traveled across the 60-min period after methamphetamine injection revealed that mice administered 31.6 μmol/kg Nahas-3h followed by methamphetamine were less active than mice administered saline followed by methamphetamine (Panel A). Analysis of the time course revealed that mice given 31.6 μmol/kg Nahas-3h followed by methamphetamine were less active than mice administered saline followed by methamphetamine at the 20-50 min time points (Panel C).
Discussion
Previous in vitro binding studies report that each of the Nphenylpropyl-N′-substituted piperazine ligands bind to σ1 sigma receptors with relatively high affinity (Lever et al., 2006; Matsumoto et al., 2004; Nahas et al., 2008) . The present biodistribution study with [ 125 I]E-IA-DM-PE-PIPZE supports these reports, and demonstrates occupancy of central σ1 sigma receptors by SA4503, YZ-185, YZ-067 and Nahas-3h following systemic ligand administration. Notably, YZ-185, YZ-067 and Nahas-3h displayed a tight range of ED 50 values between 0.18 and 0.47 μmol/kg, which reflects the similarity of their in vitro affinities, 0.76-1.4 nM, for σ1 sigma receptors. SA4503 displayed the lowest in vitro affinity for the sites, 4.63 nM, which, as might be expected, was accompanied by the highest observed ED 50 value, 0.61 μmol/kg. These data indicate that the differing substitution patterns at the 3-and 4-position on the phenethyl group do not greatly impact the in vivo σ1 sigma receptor binding profiles.
Sigma ligand doses that altered methamphetamine-and cocaine-induced hyperactivity (Rodvelt et al., 2011; Sage et al., 2013) were greater than their in vivo binding ED 50 values. Effects started, for the most part, near the range where maximal receptor occupancy was observed. In previous work (Lever et al., 2016) , we showed that (−)-cocaine, which has an in vitro affinity for σ1 sigma receptors similar to that of (+)-methamphetamine, can compete for the sites in vivo with σ1 sigma receptor ligands having moderately high affinity, such as [ 125 I]E-IA-DM-PE-PIPZE (K d = 3.79 nM). Thus, it is likely that the sigma ligand ED 50 values reported herein would be right-shifted, to higher doses, during the behavioral studies conducted in the presence of methamphetamine as a competitor. We have reported that 80% occupancy of σ1 sigma receptors by very high affinity antagonist ligands is required to attenuate the locomotor stimulatory effects of cocaine by 50% (Lever et al., 2014) . Due to a lack of suitable radioligands, the present study did not assess in vivo binding to σ2 sigma receptors, although in vitro binding studies indicate that each ligand has less affinity for the σ2 than the σ1 receptor subtype (Lever et al., 2006; Matsumoto et al., 2004; Nahas et al., 2008) .
While each of the ligands occupied sigma receptors, DAT occupancy was not observed at doses up to 10 μmol/kg. In vitro binding affinities to the DAT are known to be very weak for SA4503 (K i = 12.650 nM; (Xu et al., 2015) ) and low for YZ-185 and YZ-067 (K i 's ca. 1400 nM; (Matsumoto et al., 2004) ). Although DAT regulation is an important mechanism for the behavioral effects of methamphetamine and cocaine (Schmitt and Reith, 2010; Uhl et al., 2002) , alteration of stimulant-induced changes in locomotor activity by substituted piperazine ligands is not likely mediated by a direct interaction with the transporter.
In the present behavioral study, acute methamphetamine injection produced a marked increase in locomotor activity over the entire 60-min post-injection period. The 31.6 μmol/kg SA4503 dose decreased (61%) methamphetamine-induced hyperactivity across the entire period (i.e., the 10-60 min time points) after stimulant injection. Previously in rats, 27 and 81 μmol/kg SA4503 inhibited (47 and 81%, respectively) methamphetamine-induced hyperactivity for as long as 80 min after stimulant injection (Rodvelt et al., 2011) . Presently, there were no significant differences in activity between mice administered 31.6 μmol/kg SA4503 followed by saline and those administered only saline, suggesting that the inhibition of methamphetamine-induced hyperactivity was not due to a general suppression of locomotor activity by SA4503.
The highest dose (31.6 μmol/kg) of YZ-185, YZ-067 and Nahas-3h diminished stimulant-induced hyperactivity; although YZ-185 produced a greater decrease (53%) than YZ-067 or Nahas-3h (25 and 30%, respectively). YZ-067 (31.6 μmol/kg) decreased locomotor activity after injection, relative to the behavior observed for mice administered only saline. Although comparisons did not reach statistical significance, YZ-185 (31.6 μmol/kg) also appeared to decrease locomotor activity. These results indicate that YZ-067 and YZ-185′s inhibition of methamphetamine-induced hyperactivity at this high dose could be due to an overall suppression of locomotor behavior. However, lower YZ-067 and YZ-185 doses decreased methamphetamine-induced hyperactivity and did not alter basal locomotor behavior. Nahas-3h did not have intrinsic activity to decrease activity.
In the previous report with rats, 2.7 μmol/kg SA4503 enhanced methamphetamine-induced hyperactivity for the first 25 min after stimulant injection (Rodvelt et al., 2011) . Presently in mice, 1 and 3.16 μmol/kg SA4503 enhanced stimulant-induced locomotor activation immediately after methamphetamine injection. An increase in methamphetamine-induced hyperactivity was also observed for 3.16 μmol/kg of Nahas-3h and YZ-067, although the enhancement was more pronounced for Nahas-3h than for YZ-067. YZ-185 did not enhance methamphetamine's stimulatory effect at any dose examined (0.1-31.6 μmol/kg). This lack of an augmentation by YZ-185 is interesting because 0.1 μmol/kg YZ-185 enhanced cocaine-induced hyperactivity for up to 40 min after stimulant injection (Sage et al., 2013) .
The behavioral data indicate that N-phenylpropyl-N′-substituted piperazine ligands inhibit methamphetamine's stimulatory effects, as SA4503 (3.4-dimethoxyphenethyl), , YZ-067 (4-methoxyphenethyl) and Nahas-3h (4-methoxybenzyl) all diminished methamphetamine hyperactivity at higher sigma ligand doses. However, the methoxy group at the 4-phenyl position may be critical for enhancing methamphetamine-induced hyperactivity at lower sigma ligand doses. Enhanced stimulant-induced hyperactivity was observed for SA4503 and YZ-067, but not YZ-185. In Nahas-3h, which has a shorter chain length as well as a single methoxy group in the 4-position of the benzyl moiety, enhancement of methamphetamine was as strong as that observed for SA4503.
It is possible that binding selectivity for σ1 over σ2 sigma receptors contributes to the differential inhibition and enhancement of methamphetamine's effects. Nahas-3h, YZ-067 and SA4503 have greater (14-to 44-fold) in vitro binding selectivity for σ1 over σ2 sigma receptor subtypes, compared to the selectivity reported for YZ-185 (7-fold). Greater selectivity for σ1 over σ2 sigma receptor subtypes may afford enhancement of methamphetamine-induced hyperactivity at lower sigma ligand doses. However, at higher sigma ligand doses binding to both σ1 and σ2 sigma receptor subtypes may contribute to the inhibition of methamphetamine-induced hyperactivity. Future research with ligands that have greater (i.e., N100-fold difference in receptor subtype binding) subtype selectivity is critical to test this hypothesis and to better understand the relative contribution of the σ2 sigma receptor subtype in methamphetamine-induced hyperactivity.
A second possible explanation for the biphasic pattern of results is that SA4503, YZ-067 and Nahas-3h are mixed agonist-antagonists at sigma receptors. At higher doses SA4503, YZ-067 and Nahas-3h function behaviorally as sigma receptor antagonists, and diminish methamphetamine-induced hyperactivity. At lower doses they function as behavioral agonists, and enhance methamphetamine's initial effect. For instance, the 1 and 3.16 μmol/kg SA4503 doses that enhance methamphetamine-induced hyperactivity correspond to 60-90% occupancy of σ1 sigma receptors in the absence of methamphetamine. The findings are consistent with the agonist character of SA4503 augmenting the initial effects of the stimulant drug mediated by σ1 sigma receptors. Considering that SA4503 alone does not change basal locomotor activity at the doses tested, this piperazine agonist has weaker intrinsic activity than methamphetamine. Consequently, at the high 31.6 μmol/kg dose of SA4503, the σ1 sigma receptor is occupied by proportionately more Fig. 6 . YZ-067 attenuates and enhances methamphetamine-induced hyperactivity. Mice were placed in an activity monitor for 45 min, injected (i.p.) with YZ-067 (3.16 or 31.6 μmol/kg) or saline, returned to the monitor for 15 min, injected (i.p.) with methamphetamine (0.5 mg/kg) or saline, and placed in the monitor for 60 min. Panel A depicts distance traveled (in cm) summed across the 60-min period after methamphetamine or saline injection. Panels B and C depict distance traveled (in cm) in 5-min intervals. The left arrow designates YZ-067 or saline injection and the right arrow designates methamphetamine or saline injection. Asterisks designate a significant (p b 0.05, Tukey post-hoc analysis) difference from the group administered saline and methamphetamine at the respective time point. The plus signs designate a significant (p b 0.05, Tukey post-hoc analysis) difference from the group administered two saline injections at the respective time point. of the weaker agonist, which attenuates methamphetamine's overall stimulant effect. Thus, our findings are consistent with dual agonist-antagonist behavioral character for SA4503 interacting with this single receptor system, although unknown mechanisms of action cannot be ruled out. Similar dose-response arguments can be made regarding the behavioral effects observed for YZ-067 and Nahas-3h on methamphetamine, particularly considering that the relative occupancies of σ1 sigma receptors by methamphetamine and a single dose of the test ligand might change with time. As a precedent, (+)-pentazocine, which is classified as a sigma receptor agonist, augmented the methamphetamine-induced locomotor sensitization (Fujiwara et al., 1990) .
By contrast, YZ-185 might function only as an antagonist at sigma receptors, because it solely inhibits methamphetamine's effects. BD-1047 and BD-1063, which are classified as sigma receptor antagonists in the literature, only attenuated methamphetamine-induced hyperactivity across a range of doses (Nguyen et al., 2005) . The present-structure activity work with N-phenylpropyl-N′-substituted piperazines suggests that the methoxy group at the 4-phenyl or 4-benzyl position and/or greater selectivity for σ1 over σ2 sigma receptors may be key for the agonist activity at low doses, while the methoxy group at the 3-phenyl position and/or lower σ1 over σ2 sigma receptor selectivity could be key for the antagonism. In that regard, the 3-methoxy substituent of YZ-185 was deemed an important structural contributor to the ligand ability at low doses to enhance cocaine's stimulatory effects (Sage et al., 2013) . These differences observed for YZ-185 between cocaine-and methamphetamine-induced hyperactivity also suggest that there may be subtle differences in the binding motifs of cocaine and methamphetamine at sigma receptors.
An area for future research to understand the observed biphasic interaction between piperazine ligands and methamphetamine is the role of sigma receptors on dopamine neuron activity in the brain. While SA4503 only decreased methamphetamine-induced dopamine release in rat striatum (Rodvelt et al., 2011) , it decreased the number of spontaneously-active dopamine neurons in the nigrostriatal dopamine pathway and enhanced the number of active dopamine neurons in the ventral tegmental area (Minabe et al., 1999) . The Nphenylpropyl-N′-substituted piperazine ligands may differentially enhance/inhibit dopamine activity in forebrain and midbrain regions, which could contribute to an enhanced and diminished behavioral response after administration of a drug that produces its effect on locomotor behavior by rapidly increasing dopamine release.
The present study demonstrated that N-phenylpropyl-N′-substituted piperazine ligands bind to the σ1 sigma receptor in brain, and both increase and decrease methamphetamine-induced hyperactivity in mice. This pattern on locomotor activity is consistent with previous work with SA4503 in rats (Rodvelt et al., 2011) and studies where it blocked methamphetamine's conditioned-rewarding and discriminative-stimulus properties (Mori et al., 2012; Rodvelt et al., 2011) . Modification of the methoxy group at the 4-phenyl or benzyl or 3-phenyl position in substituted piperazines could contribute to the dynamic interaction observed. Future research with subtype-selective sigma receptor ligands is necessary to understand this interaction better, and to consider the potential role of sigma receptors as a target for methamphetamine addiction therapies (Katz et al., 2011; Rodvelt and Miller, 2010) .
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